We present the results of ab initio, nonperturbative, R-Matrix Floquet calculations of laser-induced continuum structures in helium. We compare our results with recent experimental data and good agreement is found.
INTRODUCTION
In the phenomenon of laser-induced continuum structurẽ LICS! a strong laser pulse~usually referred to as the embedding laser! embeds a discrete state into an otherwise structureless continuum~Knight et al., 1990!. If a weak laser pulse~usually referred to as the probe laser! is used to probe this embedded state, a Fano-type profile~Fano, 1961! is observed in the photoionization rate. In the majority of the theoretical studies to date~see, e.g., Knight et al., 1990; Dai & Lambropoulos, 1987; Paspalakis et al., 1998 ! essential state models of the laser-atom interaction dynamics have been used. Specifically, the laser-atom dynamics is modeled using the density matrix or the probability amplitude approaches in which three basic assumptions are made:~a! only a few bound levels~typically the two that are assumed to be the relevant resonant levels! are considered,~b! the continuum is assumed flat and finally~c! the RWA is made. In addition to those studies, there are cases of LICS in atomic hydrogen where nonperturbative studies of the laser-atom interaction have been performed using either a Sturmian-Floquet approach~Dörr et al. 1991!, or direct integration of the timedependent Schrödinger equation~TDSE!~Dörr et al., 1997!.
LICS has been clearly observed experimentally in atomic ionization @sodium~Shao et al., 1991; Eramo et al., 1997 !, calcium~Faucher et al., 1993 ! and most recently in helium Halfmann et al., 1998; Yatsenko et al., 1999 !#, molecular dissociation @sodium dimers~Schnitman et al., 1996 !# and ionization @nitric oxide~Faucher et al., 1999 !#. Specifically, in the helium experiment~Halfmann et al., 1998 Yatsenko et al., 1999! a Nd: YAG laser was used to embed the 1s4s 1 S e excited state in the continuum and the resulting modification of the 1s2s 1 S e photoionization yield was measured. In this article, we summarize some of our results obtained from an ab initio theoretical description of this LICS process in helium~Kylstra et al., 1998a,b! using the R-Matrix Floquet RMF! approach~Burke et al., 1991; van der Hart, 1996; Joachain et al., 1997 Joachain et al., , 2000 !. Our calculations allow the validity of the essential states models to be tested by comparing the model results with those obtained from the nonperturbative calculations in a multielectron atom. Such a comparison has been made in previous studies of several other multiphoton phenomena~Latinne et al., 1995; Kylstra et al., 1995 Kylstra et al., , 1998b !.
SUMMARY OF THE R-MATRIX FLOQUET THEORY
The RMF theory was introduced by Burke, Joachain, and co-workers~Burke et al., 1991; Joachain et al., 1997 Joachain et al., , 2000 and is used to study multiphoton single ionization of multielectron atoms. The main properties of this theory are~a! the laser-atom interaction is treated nonperturbatively,~b! electron-correlation effects are included,~c! it can be applied to any light atom where relativistic effects such as spinorbit interactions are negligible, and finally~d! it can be generalized to study two-color processes~van der Hart, 1996!. In the RMF approach, configuration space is divided into two regions. In the inner region correlation effects involving all N ϩ 1 electrons of the atom are important. While in the outer region, which is defined so that one of the electrons of the atom~for example the N ϩ 1 electron! has a radial coordinate such that r Nϩ1 Ն a and the remaining N electrons are confined within a sphere with radius a, exchange effects be-tween the outer electron and the inner electrons are neglected. Finally, in the asymptotic region r Nϩ1 Ն a ' , the asymptotic boundary conditions are imposed. The most appropriate form of the laser-atom interaction Hamiltonian is chosen in each region and transformations of the wavefunction are performed at the boundary. The time-dependent wave function is written in a Floquet-Fourier form in both regions, so that the TDSE is transformed into a time-independent eigenvalue equation, in which the atom-field coupling is treated in a fully nonperturbative manner. The Schrödinger equation is solved in both regions separately and the solutions are connected on the boundary. For detailed discussions on the RMF approach see~Burke et al., 1991; van der Hart, 1996; Joachain et al., 1997 Joachain et al., , 2000 In order to carry out calculations using the RMF method, knowledge of the structure of the atom is required. We use the configuration interaction~CI! code CIV3 developed by Hibbert~1975! to obtain a set of orbitals which describes the 1s2s 1 S e state, the 1s4s 1 S e state and the remaining ion. Then, for a given set of configurations that are deemed important, the program CIV3 optimizes the coefficients of the Slater type orbitals and diagonalizes the CI matrix until some convergence criterion is satisfied~Hibbert, 1975!. In our case, individual orbitals are optimized in turn on the 1s2s
1 S e state and the 1s4s 1 S e state so that a balance is achieved in the description of the two states. For further details on the procedure used here see Kylstra et al.~1998a !.
TWO-LEVEL APPROACH FOR A LASER-INDUCED CONTINUUM STRUCTURE
Many studies of LICS use an effective two-level approach of the system and describe the phenomenon by the following set of equations for the probability amplitudes of the two bound states @see, e.g., Knight et al 
in is the total ionization rate of ground state~60&! and
in is the total ionization rate of the excited state~61&!. Here G 0,P denotes the ionization rate of the ground state due to the pump laser and G 1, E denotes the ionization rate of the excited state due to the embedding laser. Also, G 0 in and G 1 in denote the incoherent ionization rates of the ground and excited states respectively. In addition, G ϭ ! G 0, P G 1, E , q is defined in analogy to~and referred to as! the Fano asymmetry parameter, DE 10 ϭ DE 1, P ϩ DE 1, E Ϫ DE 0, P Ϫ DE 0, E is the difference of the AC Stark shifts of the excited and ground states due to both lasers and finally Dv ϭ Ϫv 0 ϩ v 1 Ϫ v P ϩ v E is the two photon detuning, with v 0~v1 ! being the energy of the ground~excited! state and v P~vS ! being the angular frequency of the probe~embedding! laser field.
If we assume that the atom is initially in the ground state and that the pump laser is much weaker than the embedding laser, then a perturbative solution of Eq.~1! yields the ionization profile as
denotes the normalized detuning and g ϭ G 0 in 0G 0, P , and b ϭ G 1 in 0G 1, E , are, respectively, the ratio of the incoherent ionization rates to the coherent ionization rates for each state.
Let us consider three different cases of interest. In the case that g ϭ b ϭ 0 then So that the effect of the incoherent channels of the ground state is to add a constant background to the Fano formula.
,~6! and the effect of the incoherent channels of the excited state modifies the Fano profile.
LASER-INDUCED CONTINUUM STRUCTURE IN HELIUM
We begin with a short description of the helium experiment Halfmann et al., 1998; Yatsenko et al., 1999!. A pulsed beam of helium atoms is used~a relevant energy scheme of the helium atom is shown in Fig. 1 !. The atoms are excited to the metastable singlet state 1s2s 1 S e by electron impact. There are two lasers involved. A 'weak' probe laser field couples the 1s2s
1 S e to the continuum and a strong embedding Nd: YAG laser couples the 1s4s 1 S e to the continuum. Two types of measurements are made. First, by tuning the probe laser frequency a strong modulation of the ion signal was ob-served which exhibits a typical Fano-type profile, with a very pronounced minimum. This is shown in the upper plot of Figure 2 . Furthermore, by varying the intensity of the embedding laser the variation of the position of the spectral minimum as a function of this intensity was measured. This is shown in the lower plot of Figure 2 .
Before discussing the results of the two-color RMF calculations in helium, we consider the photoionization rates and the AC Stark shifts of the 1s2s
1 S e and 1s4s 1 S e states in the presence of the probe and embedding lasers separately, using the single color RMF code. In Table 1 we report the results of our calculations for the relevant intensity independent perturbative parameters. We also present the results of the model potential calculations of Halfmann et al.~1998! and Yatsenko et al.~1999 !. Overall good agreement is apparent between the two calculations.
We now turn to the calculation of the ionization rate of the 1s2s 1 S e state using the two-color RMF code. In Figure 3 upper plot! we present the calculated ionization rate of the 1s2s 1 S e state for five different, equally spaced, intensities of the embedding laser. The intensity of the probe laser is I P ϭ 4 ϫ 10 6 W0cm 2 . The embedding laser intensity I E is larger, by approximately three orders of magnitude than the probe laser. The ionization rate displays a Fano-type profile with a very pronounced minimum, similar to the one observed in the experiment~Halfmann et Yatsenko et al., 1999!~see Fig. 2 , upper plot!. The q asymmetry parameter can be determined from these curves and was found to be 0.82. By increasing the intensity of the embedding laser, the Fano-profile becomes wider and the position of the maximum moves slightly while the position of the minimum changes considerably. The behavior of the ionization rate in this intensity regime can be explained using the Fano theory~Fano, 1961!. As described in Section 3 the Fano profile is given by Eq.~4! where for the present LICS process in helium e can be written as
4s are the~perturbative! intensity dependent AC Stark shifts of the 1sk 1 S e state due to the embedding laser and G 4s, E ϭ g 4s, E I E is the~perturbative! intensity dependent width of the 1s4s
1 S e state due to the embedding laser. Increasing the embedding laser intensity will have two effects on the profile. First, the profile will be broadened due to the increase 1 S e state. The second effect comes from the fact that the AC Stark shifts change the frequency at which e ϭ 0. Since D 4s, E~EE ! Ϫ D 2s, E~IE ! Ͼ 0 the effect of the AC Stark shifts on the profile is to move it to the right larger detunings!. Let us now consider individually how the maximum and the minimum positions of the ionization profile change. As is known from the Fano theory~Fano, 1961! the maximum in the ionization~enhancement of ionization! occurs at e ϭ 10q, from which we find
Using the parameters of Table 1 and Eq.~8! we obtain dv max ϭ 21.2, which means that the position of the maximum will move to larger frequencies with increasing intensity of the embedding laser, as is seen in Figure 3 . The variation of the position of the maximum can also be extracted from the two-color RMS calculation with the result dv max ϭ 21.0. The minimum~suppression of ionization! occurs at e ϭ Ϫq, with the position of the minimum changing according to Figure 2 in which the experimental uncertainties in both the intensity and the position of the measured minimum have been accounted for. Fig. 3 . LICS in the photoionization rate of the 1s2s 1 S e state of helium due to the embedding of the 1s4s 1 S e state into the continuum by a Nd:YAG laser~upper figure!. The LICS is shown for five equally spaced intensities of the Nd:YAG laser. The intensity of the probe laser is I P ϭ 4 ϫ10 6 W0cm 2 . In the lower figure the position of the minimum in the ionization rate is plotted as a function of the embedding laser intensity. The line shows the result of a least-squares fit.
In the lower plot of Figure 3 we show the position of the minimum calculated with the two-color RMF code, as a function of the embedding laser intensity. This has been measured in the experiment~Halfmann et al., 1998; Yatsenko et al., 1999!~see Figure 2 , lower plot!. Since our calculations have been performed in a different regime of intensities~for computational reasons! the relevant parameter that should be compared with the experimental measurements is the slope of this curve, dv min . The results are shown in the lower part of Table 1 . Good agreement is found between the experiment and the two-color RMF results as well as with the Fano theory.
There are other states of the atom that possess intrinsic incoherent channels, because they can be embedded in more than one continua and not just to a single continuum as in the case of the 1s4s 1 S e state. An example is the nearby 1s4d 1 D e state. By tuning the probe laser to the frequency regime in which the Nd:YAG laser embeds the 1s4d 1 D e state, an additional LICS appears in the photoionization spectrum of the 1s2s
1 S e state. This is shown in Figure 4 for three equally spaced intensities of the embedding laser~solid curves!. The shape of this resonance is quite different to the previous case. The LICS is much less pronounced, because the 1s4d 1 D e state can decay both to the p-and f-continua. The decay to the f-continuum is a purely incoherent effect on the LICS process and is responsible for the destruction of the strong suppression in the photoionization yield. For this case the resonant profile is given by Eq.~6!, with b being equal to the intensity independent ratio of the rate into the f-continuum to the rate into the p-continuum. The rate into the p-continuum is also shown in Figure 4~dashed line! for I E ϭ 1 ϫ 10 9 W0cm 2 . It is clear that the ionization into the p-and f-continua can be modified in the region of the LICS.
SUMMARY
To summarize, in this article we have studied LICS processes in atomic helium using the RMF theory. In this approach the atomic structure and atom-laser interaction~s! are treated in a completely ab initio and nonperturbative manner. Our calculations show good agreement with the results of the experiment and calculations of Halfmann et al.~1998! and Yatsenko et al.~1999 !. This agreement suggests that the effects which are not included in our calculation~pulse shape, pulse duration, laser fluctuations! are relatively small in this experiment. We have verified that for this experiment the two-level model description in which the probe laser is treated perturbatively~the Fano theory! is sufficient for describing the laser-atom dynamics. This model does require, of course, that the relevant atomic parameters, for example the Stark shifts and the Fano q parameter, be accurately calculated. This, in turn requires an accurate knowledge of the atomic structure of the system. 1 S e state of helium due to the embedding of the 1s4d 1 D e state into the continuum by a Nd:YAG laser. The LICS~solid curves! is shown for three equally spaced intensities of the Nd:YAG laser. The intensity of the probe laser has been increased to I P ϭ 4 ϫ 10 7 W0cm 2 . The dashed curve gives the partial rate into the p-continuum for I E ϭ 1 ϫ 10 9 W0cm 2 .
